Received for publication September 8, 1958 Urease is an enzyme of wide distribution as evidenced by the fact that some 200 species of bacteria, as well as higher plants and animals have been found to possess it (Sumner and Somers, 1953) . Pasteur and Miguel were reported to have isolated "urobacilli" from air, soil, and sewage (Cooke and Keith, 1927) . Subsequently, the enzyme was found in many soil and intestinal bacteria (Gibson, 1934; Stuart et al., 1945) ; but it is conspicuously absent among obligately anaerobic organisms. This fact motivated Huet and Aladame (1952) to investigate the distribution of urease in such bacteria. They reported that prior to their investigation, Diplococcus magnus (Peptostreptococcus magnus) and Clostridium ureolyticutm had been described as producing urease, and Bifidibacterium bifidum (Lactobacillus bifidus) as able to "utilize" urea. However, they were unable to isolate the poorly defined C. ureolyticum, and their strains of P. magnus failed to produce urease, presumably having lost this ability during repeated subculture. Their strains of L. bifidus were found to assimilate urea for growth, but were unable to hydrolyze it.
An assay of over 200 anaerobic bacteria, representing 176 species and 26 genera, revealed that only 4 species possessed this enzyme. These were: Neisseria vulvovaginitis (Veillonella vulvovaginitis), Catenabacterium contortum, Cillobacterium sylvestris, and certain strains of Clostridium sordelli (Clostridium bifermentans). Consequently, these investigators concluded that urease was indeed rare among anaerobic forms, and believed it to be a useful characteristic for taxonomic purposes. Purst.ing this study further, Huet and deCadore (1954) isolated a hitherto undescribed anaerobic ureolytic bacterium which they designated Eubacterium ureolyticum. In this respect, the rumen appeared to be a unique ecological niche, for it maintains a highly anaerobic environment (Doetsch and Robinson, 1953) , and yet possesses a microflora known to actively hydrolyze urea (Pearson and Smith, 1943) . Mann et al. (1954) and Mackay and Oxford (1954) succeeded in isolating gram-positive micrococci, and a gramnegative rod from the rumen which were ureasepositive and facultatively anaerobic. As these organisms were present in relatively low numbers, the latter investigators concluded that there must be other urease-producing bacteria in the rumen whieh have hitherto eluded isolation.
They, as well as Huhtanen and Gall (1955) , indicated that the anaerobic species miglht well be responsible for urease production.
Although information on urease in aerobic and facultative organisms is extensive, our knowledge of the distribution of this enzyme in anaerobic forms is inadequate. This paper presents results of experiments in which the microflora of the bovine rumen was explored for obligately anaerobic urea-hydrolyzing bacteria.
MATERIALS AND METHODS
General culture methods. Rumen samples were obtained from permanently fistulated cows as described by Gibbons et al. (1955) . Samples for incorporation into culture media were filtered through 4 layers of cheesecloth, or else weighed directly into milk dilution bottles for use as inocula. The diluting liquor contained per L: Na2HPO4, 5.2 g; KH2PO4, 4.6 g; Na2CO3, 5.0 g; sodium thioglycolate, 1.0 g; and resazurin, 1.0 mg; an atmosphere of carbon dioxide was employed.
The anaerobic techniques used were essentially those described by Hungate (1950) , and modified by Doetsch et al. (1952) , and Bryant and Burkey (1953) . Unless otherwise noted, all cultures were incubated at 39 C under an atmosphere of carbon dioxide. Vitamins, carbohydrates, Na2CO3, L-Cysteine hydrochloride, and urea present in culture media were filter sterilized. The media employed were: (1) rumen fluid medium; this medium was described by Hungate (1950) , and modified by Bryant and Burkey (1953) . For use in this investigation, the medium was depleted of (NH4)2SO4, but supplemented with 0.3 per cent (w/v) urea. In some experiments the concentra-tion of rumen fluid was either increased or reduced, and such media are prefixed by the per cent ( v/v) rumen fluid they contain. (2) Modified "reinforced clostridial medium" of Hirsch and Grinsted (1954) cyanocobalamine, 3.0 ,ug; urea, 3 .0 g; glucose, 5.0 g; and Na2CO3, 5.0 g. Addition of the metal salts to the medium resulted in the formation of a precipitate which did not interfere with growth, but did interfere with turbidometric measurements. Therefore, prior to sterilization, the medium was boiled momentarily and filtered through Whatman no. 50 filter paper. The resulting medium in its final reduced form was water clear. (4) Chemically defined media. These were employed subsequent to determining the nutritional requirements of the bacterium under investigation. They differed only in amino acid composition; chemically defined medium no. 1 contained only DL-methionine, whereas chemically defined medium no. 2 contained DL-methionine plus 5 other amino acids. The amino acids were used as equal per cent (w/v) mixtures; each medium being prefixed by the per cent (w/v) of the total amino acids included. The ingredients of these media per L are: DL-methionine (chemically defined medium no. 1), or DL-methionine, glycine, DL-isoleucine, DL-serine, DL-threonine, DL-valine (chemically defined medium no. 2), K2HPO4, and KH2PO4, 3.0 g each; MgSO4 7H20, 250 mg; FeSO4.7H20 and MnSO4-H30, 10 mg; sodium thioglycolate, 1.0 g; resazurin, 1.0 mg; thiamin hydrochloride, niacin, and p-aminobenzoic acid, 0.2 mg each; biotin, 40 ,g; urea, 3.0 g; glucose, 5.0 g; and Na2CO3, 5.0 g. A precipitate which formed upon addition of the metal salts was removed as described for the casein hydrolyzate medium.
Morphological characteristics, as well as catalase production, nitrate reduction, gelatin liquefaction, and indole and acetoin formation were determined using techniques described in the Manual of Mlicrobiological Methods (1957) .
Chemical and analytical methods. Urea was determined by the colorimetric method of Ormsby (1942) . Utilization of urea was ascertained by comparing the concentration of urea present in uninoculated media with that of inoculated media. Total nitrogen was determined using a modification of the method described by Umbreit et al. (1957) . Ammonia was determined by nesslerization. Carbohydrate analyses were performed using anthrone reagent (Morris, 1948) . Fermentation acids were qualitatively and quantitatively determined using a modification of the column chromatographic technique described by Wiseman and Irvin (1957) . Carbon dioxide utilization was ascertained using the simplified method described by Pine and Howell (1956) , but modified in that calibrated vaccine bottles were employed in place of volumetric flasks, and gas analyses were performed manometrically. The urease activity of washed cell suspensions prepared from 96-hr cultures was determined by incubating 2.0 ml of each cell suspension with 1 ml (100 ,moles) urea and 2.0 ml of 0.067 M phosphate buffer (pH 6.9; containing 0.02 per cent (w/v) NaS .9H20) under a nitrogen atmosphere. Activity was expressed in terms of Amoles NH3 produced per hr per mg cell nitrogen (QNH3(N)). On the basis of these data, a 1.0 per cent rumen fluid medium was employed to isolate the ureaseproducing anaerobic bacterium. Colonies of urea-utilizing bacteria on this medium are usually larger than those of organisms lacking this ability; and so in this respect, the medium is somewhat differential. The larger colonies which developed after 7 days of incubation were picked, and the isolates screened for urease by testing their ability to utilize urea in the 1.0 per cent rumen fluid medium. Their oxygen relationship was ascertained by observing growth in shake cultures of trypticase soy agar (BBL) containing 0.5 per cent glucose, 0.05 per cent sodium thioglycolate, and 1 ppm resazurin.
RESULTS

Isolation
Using these methods, an organism was isolated which hydrolyzed urea, and failed to grow at least 1 cm from the surface of a shake culture. Subsurface colonies of this organism were colorless andl lens-shaped; surface colonies were white, glistening, round, and convex. In broth cultures, growth developed at the bottom of the tube, and upon agitation, it appeared stringy and mucoid.
Microscopically, the organism was found to be a gram-positive, nonmotile, asporogenous, pleomorphic rod. There was a tendency for the cells to become gram-negative in older cultures. The medium employed for cultivation markedly influenced cell morphology. On reinforced clostridial medium, the morphology was that of a fairly regular, evenly staining rod (figure 1), whereas long granulated rods tended to develop on 40 per cent rumen fluid medium, or 0.1 per cent casein hydrolyzate medium (figure 2). Occasionally, branched, clavate forms were observed; such forms being more prevalent in 1.0 per cent rumen fluid medium.
The bacterium was found to possess diverse fermentative abilities ( of the carbon recoveries, the latter seemed more Hydroprobable. An atmosphere of carbon dioxide was lyzed employed, and consequently, carbon dioxide assimilation could account for these discrep-6.7 ancies. 6.7 Results of an experiment designed to measure 5.7
carbon dioxide utilization are shown in table 3.
5.3
The data obtained with this simple technique are 5.4 probably not as precise as could be obtained with Upon deletion of each amino acid from the medium, it ,o interfere was observed that growth diminished in the L-cysteine absence of glycine, DL-isoleucine, DL-methionine, reducing DL-serine, DL-threonine, and DL-valine. A mixture major end of these 6 amino acids was found to support Lcids were good growth; and upon their individual deletion, -reduction growth was retarded (table 4, A). The organism Carbon dioxide appeared to be required for growth, for the organism failed to develop in the chemically defined media when an atmosphere of nitrogen or argon was employed. However, growth did occur in thioglycolate glucose broth (Difco) or in trypticase soy agar (BBL) in the absence of an external source of carbon dioxide. Evidently these media contain substances which by-pass the requirement for carbon dioxide, or enable it to be produced in sufficient quantities to permit growth. Comparable situations have been described for certain streptococci by Gale (1945) and Prescott and Stutts (1955) .
Factors affecting urease production. The media employed for cultivation were found to exert a pronounced effect upon urease production (table 5) Accordingly, they may be classified into 3 categories:
(1) Those found to retard urease production when the concentration of organic nitrogen was high. This group consisted of casein hydrolyzate media, chemically defined medium no. 1, and rumen fluid or rumen-liquor containing media. The latter medium was prepared with cell-free rumen liquor (obtained by centrifuging strained rumen fluid at 12,500 X G for 15 min), since it is believed that the bulk of organic nitrogen present in rumen fluid is contained within the microbial cells, and when autoclaved, these compounds are released. The observation that strained rumen fluid and cell-free rumen liquor contain 0.6 and 0.1 mg nitrogen per ml supports this view.
(2) Chemically defined medium no. 2 was found to exert little effect on the production of urease, regardless of the concentration of amino acids present.
(3) Reinforced clostridial medium influenced urease production in a mode opposite that of the first category; less urease being formed when the level of nitrogenous materials was reduced.
A suitable explanation of these varied effects is dependent upon additional studies. It is well known that subtle differences in the physicochemical composition of media markedly influence the elaboration of many bacterial enzymes (Gale, 1943) . Presumably, amino acid interactions and antagonisms are responsible for the variations in urease production. It is significant that the bacterium elaborated urease in the medium composed of cell-free rumen liquor, but not in 40 per cent rumen fluid medium. In this respect it behaved similarly to growing, mixed cultures of rumen bacteria. Since the rumen contains only small quantities of readily available organic nitrogenous compounds for which the microbial population must compete (Lewis, 1955) , it is reasonable to assume that urease would be abundantly produced by this organism while growing in the rumen.
It was observed that cells harvested from media containing ethylenediamine tetraacetic acid chelates of iron and manganese in place of salts of these metals failed to display detectable urease activity. Experiments, designed to indicate which of these substances was responsible, suggested manganese (table 6), either in the salt or ehelated form, as the inhibitory agent. Regardless of the medium employed, the inclusion of chelated manganese impaired enzyme production, although it was found to be without effect on preformed urease. The presence of iron reduced the inhibitory properties of manganese; media containing magnesium, manganese, and iron salts resulted in complete urea utilization, whereas those containing only magnesium and mnanganese failed to do so. Iron has also been shown to be necessary for the utilization of nonprotein nitrogenous substances in the rumen (McNaught et al., 1950) . The inclusion of 0.5 per cent sodium citrate, a chelating compound commonly employed in bacteriological media to prevent precipitation of metallic complexes, impaired urea utilization and retarded growth. These data indicate that the availability and interaction of minerals markedly influence the production of urease.
Although urease could not be demonstrated in cells grown in media containing chelated manganese, some urea apparently was utilized, because 0.01 per cent ehemically defined medium no. 2, prepared with chelated iron and manganese, supported good growth. The possibility exists that either undetectable quantities of urease were produced, or urea may be assimilated as such by this organism. The latter is reported to occur in certain algae (Thomas and Krauss, 1955) , and bacteria (Huet and Aladame, 1952) , which are devoid of urease but utilize urea for growth. To test this possibility, 0.01 per cent chemically defined medium no. 2, modified so as to contain the chelated metals and 0.5 mg urea per ml, was inoculated and incubated for 4 days. Urease activity could not be demonstrated in harvested cells although quantitative urea determinations on the uninoculated and inoculated media revealed 0.5 and 0.4 mg urea per ml, respectively. These data suggest that urea may be assimilated by this organism, although the possibility is not eliminated that minute amounts of urease were responsible. Concentrations of urea between 1.0 and 0.1 per cent in the medium were found to have little influence on the production of urease. There was a marked increase in urease production, however, when urea was omitted from the medium. The presence of ammonia has been reported to inhibit urease production (DeTurk, 1955) , which may explain these results. Apparently, the initial breakdown of urea results in the formation of ammonia which impairs subsequent enzyme production. The observation that urease formation was almost completely inhibited when 0.5 per cent (NH4)SO4 was included in the medium, supports this view. When this organism was cultured in the absence of urea, the urease activity it displayed was greater than that produced by Proteus vulgaris grown aerobically in a 0.1 per cent trypticase (BBL), 0.5 per cent glucose medium. Addition of 0.5 per cent urea to the culture 3 hr prior to harvesting the cells failed to increase the activity.
Since urease was produced in the absence of urea, it is considered a constitutive enzyme with these organisms. Corynebacterium renale also has been described as possessing a constitutive urease (Lister, 1956 ). This apparently is not true of all bacteria, for Pseudomonas aeruginosa is reported to form urease adaptively (DeTurk, 1955) . In complex media lacking urea, this bacterium does not produce urease, but it is presumably evoked by urea resulting from uric acid oxidation. As the chemically defined media used in the present investigation did not contain purines or pyrimidines, or any substances known to give rise to urea upon dissimilation, adaptive enzyme formation could not have occurred. able with those in vitamin-deficient media. These untusual forms are believed to be "long forms," as described by Hughes (1956) . Comparable forms have been induced in other bacteria by cultivation in vitamin-deficient media (Jeener and Jeener, 1952; Deibel et al., 1956 (Breed et al., 1957 Some characteristics of this bacterium differ from those described for strains of L. bifidus. For example, the organism studied in this investigation and strains studied by Pine and Howell (1956) , produced volatile products consisting of formic and acetic acids, whereas Norris et al. (1950) found strains that formed only the latter acid. In addition, the branched forms of L. bifidus are reported to give rise to normal forms upon repeated subculture (Gyllenberg, 1955) , but several investigators have been successful in maintaining them in the bifid phase by employing minimal culture media (Norris et al., 1950; Hassinen et al., 1951) . The origin of straight rod types is subject to controversy; both selection of mutants, and development from coccoid granules have been proposed as modes. It is generally agreed that this change in morphological form is irreversible, although Gyllenberg (1955) believed it could occur "under certain conditions." Consequently, these bifid forms are not generally considered to be long forms; and in this respect, the organism in question differs, for bizarre forms were observed to arise directly from normal cells. This transformation of morphological types, as affected by the medium, proceeded with ease and rapidity. However, as currently defined, L. bifidus includes both branched and straight rod types, and consequently this does not negate the inclusion of the organism in this taxonomic group.
With respect to urea, Huet and Aladame (1952) In view of the morphological and physiological similarities of the bacterium in question with L. bifidus, designation of a new species does not seem warranted, but it is proposed that the organism be considered as a ureolytic biotype of Lactobacillus bifidus. Inclusion of the bacterium in this taxonomic group is contingent upon further investigation. Because of the sparse distribution of urease among anaerobic bacteria, it is believed, as proposed by Huet and Aladame (1952) , that possession of this enzyme is a useful taxonomic characteristic of anaerobes.
Significance. It is difficult to assess the significance of this organism in the physiology of the rumen. By virtue of its relatively low numbers (approximately 105 per g, as judged from the dilutions from which it has been isolated), it would not appear to be mainly responsible for the urease activity manifested by the rumen microflora. Nevertheless, interest stems from the isolation of any urease-producing bacterium from the rumen, for the organisms responsible for ruminal urea hydrolysis have probably not yet been described. It is conceivable, in view of the marked influence which medium composition exerted on urease production, that the environmental conditions which prevail in the rumen are such that large quantities of this enzyme would be elaborated. However, because of the difficulties involved in attempting to relate the physiological activities of a pure culture with those existing in its natural habitat, the importance of this organism cannot be definitely assessed.
Although urease is possessed by many bacteria, its distribution among anaerobic forms is sparse. The apparent inability of many anaerobic bacteria to produce urease may well be due to the environmental conditions imposed upon them for growth. Most bacteriological culture media are rich in organic nitrogenous materials, and subsequently could inhibit urease formation in organisms metabolically similar to the ureolytic biotype of L. bifidus. With this in mind, a reinvestigation of the distribution of urease in anaerobic bacteria might prove fruitful.
SUMMARY
An obligately anaerobic, urea-hydrolyzing bacterium has been isolated from the bovine rumen and characterized. The morphological and physiological properties of the organism indicate it is related to Lactobacillus bifidus, and consequently it may be referred to as a ureolytic biotype.
The nutritional requirements of the bacterium have been ascertained, and "long forms" observed to develop under certain environmental condi- tions. A study of some factors governing urease production revealed that enzyme formation was impaired by the presence of high concentrations of certain nitrogenous substances, and by urea, (NH4)2SO4, and manganese, although iron was able to overcome the inhibitory properties of the latter. The possible significance of this organism in the physiology of the rumen, as well as suggestions for further work, are discussed.
